Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by multiorgan involvement and immunological abnormalities that include aberrant autoreactive B cell responses. In SLE, elevated levels of autoantibodies, particularly those recognizing double-stranded DNA, are considered to be pathogenic ([@bib33]; [@bib1]), as autoantibody-derived immune complexes deposit in tissues and exacerbate SLE disease pathogenesis, such as lupus nephritis ([@bib32]).

The mechanisms underlying the failure to maintain B cell tolerance in SLE remain incompletely understood. There are multiple checkpoints during B cell development, maturation, and activation that have been demonstrated to be defective in mouse lupus models ([@bib37]; [@bib20], [@bib21]; [@bib52]) as well as in SLE patients ([@bib61]; [@bib8]; [@bib66], [@bib67]). Thus, active SLE patients show elevated frequencies of autoreactive B cells in the new emigrant and mature B cell compartments ([@bib51]; [@bib66], [@bib67]). SLE patients in clinical remission continue to show higher numbers of autoreactive mature naive B cells, although at lower frequency than patients with active disease. Thus, the treatments do not seem to restore defective early B cell tolerance checkpoints in this disease. The frequency of polyreactive IgG^+^ memory B cells from untreated, active SLE patients seems to be similar to those of healthy controls, but at higher frequency of SLE, autoantigen-specific cells exist within this compartment in some patients ([@bib46]). Altered tolerance check points have also been described in the lymphoid organs of SLE patients, as autoreactive B cells are allowed to undergo germinal center reaction in tonsils ([@bib8]). In addition, SLE patient blood is characterized by B cell lymphopenia and alterations in B cell subset composition. Thus, numbers of naive B cells are decreased, whereas the frequency of CD27^−^ memory B cells, plasmablasts (PBs), and plasma cells (PCs) is increased ([@bib48]; [@bib2]; [@bib62]). However, the mechanisms underlying these alterations are not well understood.

DCs play an important role in B cell activation ([@bib14]; [@bib29]) as well as in B cell tolerance ([@bib50]; [@bib4]). Constitutive deletion of DCs in a mouse lupus model led to disease improvement ([@bib58]), whereas their deletion in a nonautoimmune model resulted in autoimmunity ([@bib49]). DCs circulate at very low levels in the blood of SLE patients ([@bib6]), and thus their ex vivo functional properties are difficult to study. Monocytes represent the most abundant circulating pool of APCs and also serve as precursors of macrophages and DCs. Indeed, blood monocytes from pediatric SLE patients act as DCs, as they induce the proliferation of allogeneic naive CD4^+^ T cells ([@bib6]). Furthermore, exposure of healthy monocytes to SLE serum results in the generation of cells with DC morphology and functions. This DC-inducing property of SLE serum is mainly mediated through IFN-α ([@bib6]). However, SLE serum contains additional factors that might potentiate healthy monocyte differentiation into DCs ([@bib19]) and eventually promote autoreactive B cell responses in patients.

In this study, we have explored the capability of SLE serum--induced monocyte-derived DCs (SLE-DCs) to promote B cell responses. Our data demonstrate that SLE-DCs are very efficient at inducing naive and memory B cell differentiation into IgG- and particularly IgA-secreting PBs through conventional as well as novel pathways. Furthermore, blood monocytes of SLE patients showed similar functional characteristics to those of SLE-DCs. Understanding the mechanisms underlying SLE-DC--mediated B cell responses might disclose novel therapeutic targets to treat this disease.

RESULTS
=======

Phenotype and morphology of SLE-DCs
-----------------------------------

SLE serum induces the differentiation of healthy monocytes into DCs in an IFN-α--dependent manner ([@bib6]). Thus, we first compared the phenotype of DCs generated by culturing healthy monocytes with either SLE serum (SLE-DCs) or IFN-α plus GM-CSF (IFN-DCs). Both SLE-DCs and IFN-DCs expressed comparable levels of HLA-DR and CD80, but SLE-DCs expressed higher levels of CD14 and CD86 ([Fig. 1 A](#fig1){ref-type="fig"}). Although this phenotype was consistent regardless of the method used to purify monocytes, neither IFN-DCs nor SLE-DCs expressed significant levels of CD83 unless monocytes were obtained by CD14 positive selection, as previously reported ([@bib19]). Notably, whereas a fraction of SLE-DCs expressed CCR5 and CD163, IFN-DCs expressed low levels of CD163. Additionally, a fraction of IFN-DCs expressed CD1a ([Fig. 1 A](#fig1){ref-type="fig"}); this marker was absent on SLE-DCs. [Fig. 1 B](#fig1){ref-type="fig"} shows the percentage of CD1a^+^, CCR5^+^, and CD163^+^ cells in IFN-DCs and SLE-DCs.

![**Phenotype and morphology of IFN-DCs and SLE-DCs.** (A) Surface phenotype of IFN-DCs and SLE-DCs. Closed gray histograms indicate isotype control, and black line histograms indicate markers of interest. (B) Summarized data (mean ± SD in A) for CD1a, CCR5, and CD163 expression. Student's *t* test: \*\*, P \< 0.01. (C) Giemsa staining of IFN-DCs and SLE-DCs generated with sera from SLE patients. Bars, 2.5 µm. In A and C, experiments using sera from 20 SLE patients and monocytes from 12 healthy donors showed similar results.](JEM_20111644_Fig1){#fig1}

Giemsa staining of SLE-DCs showed the presence of dendrites. As compared with the fine projections of dendrites found in IFN-DCs, SLE-DCs had a mixture of fine and thicker dendrites (SLE-DCs 1 and SLE-DCs 2) and contained larger numbers of cytoplasmic vacuoles ([Fig. 1 C](#fig1){ref-type="fig"}). Thus, SLE-DCs differ from IFN-DCs with respect to phenotype and morphology. This raised the question as to whether the two types of DCs possess distinct functions in the controlling of B cell responses.

SLE-DCs induce naive B cells to differentiate into IgG- and IgA-secreting PBs
-----------------------------------------------------------------------------

To test the role of SLE-DCs on B cell responses, purified naive B cells (CD19^+^IgD^+^CD27^−^) were cultured with or without DCs in the presence of IL-2 and CpG. It is known that CpG promotes memory B cell proliferation and IgM production ([@bib35]; [@bib5]). CpG can also activate human naive B cells ([@bib23]; [@bib27]; [@bib30]), resulting in enhanced proliferation and survival. However, CpG alone does not induce IgG or IgA class switching ([@bib23]; [@bib30]). IL-2 supports human B cell proliferation and Ig production ([@bib65]; [@bib3]).

SLE-DCs and IFN-DCs were equally effective at enhancing the proliferation of naive B cells ([Fig. 2, A and B](#fig2){ref-type="fig"}). They also equally supported the differentiation of PBs ([Fig. 2, A and C](#fig2){ref-type="fig"}), as measured by up-regulation of CD38 and down-regulation of CD20 expression. Although IFN-DCs and SLE-DCs were equally potent at inducing IgM secretion, SLE-DCs were more potent than IFN-DCs at inducing naive B cells to secrete switched isotypes, especially IgA ([Fig. 2 D](#fig2){ref-type="fig"}). This was further confirmed by intracellular Ig staining ([Fig. 2 E](#fig2){ref-type="fig"}). The lower capability of IFN-DCs to promote IgG and IgA was not caused by a defect in AID (activation-induced cytidine deaminase) expression, as AICDA expression levels were similar in B cells co-cultured with either type of DCs ([Fig. 2 F](#fig2){ref-type="fig"}). RT-PCR analysis of switch circle transcripts revealed that naive B cells co-cultured with either IFN-DCs or SLE-DCs had significantly increased levels of Iγ-Cμ ([Fig. 2 G](#fig2){ref-type="fig"}). Naive B cells co-cultured with SLE-DCs but not IFN-DCs showed increased levels of IgA class switching as measured by Iα-Cμ transcripts. Additionally, B cells co-cultured with SLE-DCs showed higher levels of the mature transcripts V~H~DJ~H~-C~H~γ~3~ and V~H~DJ~H~-C~H~α~1~ than B cells co-cultured with IFN-DCs ([Fig. 2 H](#fig2){ref-type="fig"}). Compared with B cells alone, IFN-DCs also increased expression of V~H~DJ~H~-C~H~μ and V~H~DJ~H~-C~H~γ~3~ transcripts. Collectively, SLE-DCs display a potent capability to enhance naive B cell differentiation into IgG- and IgA-PBs. Although SLE sera contain elevated levels of IL-21 (0.05--2 ng/ml; [@bib31]), 1--100 ng/ml of exogenous IL-21 did not further enhance the SLE-DC--mediated naive B cell responses in the presence of IL-2 and CpG (not depicted).

![**IFN-DCs and SLE-DCs induce naive B cell differentiation into PBs.** DCs were co-cultured with CFSE-labeled naive B cells for 6 or 12 d in the presence of 50 nM CpG and 20 U/ml IL-2. (A) CD38 and CD20 expression as well as CFSE dilution were assessed after 6 d. Experiments using sera from 36 patients and monocytes from 12 healthy controls showed similar results. (B and C) Proliferation (B) and PB differentiation (C) on day 6. (D) Total Ig assayed by ELISA on day 12. In B--D, combined data (mean ± SD) from experiments using sera from 19 patients and cells from 8 healthy controls are presented. (E) Intracellular Ig staining on day 6. Experiments using sera from six patients and monocytes/B cells from four healthy controls showed similar results. (F) RNA was harvested after 6 d of DC and naive B cell co-culture in the presence of 50 nM CpG and 20 U/ml IL-2. RT-PCR was performed to measure AICDA expression. Representative data are from three independent experiments with triplicate assay using sera from eight patients and monocytes from three healthy controls. Individual experiments showed similar results. (G) RNA was harvested after 4 d of co-culture for γ switch circles and after 5 d of co-culture for α switch circles. RT-PCR was performed to measure the relative expression of each switch circle transcript. (F and G) Combined data (mean ± SD) from experiments using sera from four SLE patients and monocytes and B cells from three healthy controls are presented. (H) RNA was harvested after 6 d of DC and naive B cell co-cultures in the presence of 50 nM CpG and 20 U/ml IL-2. The products of an RT-PCR reaction were run on an agarose gel. Three independent experiments using sera from five patients and monocytes and B cells from five healthy controls showed similar results. Student's *t* test: \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20111644R_Fig2){#fig2}

SLE-DCs enhance IgG and IgA secretion from memory B cells and support PB survival
---------------------------------------------------------------------------------

We then tested whether SLE-DCs could promote the differentiation of both CD19^+^IgD^+^CD27^+^ and CD19^+^IgD^−^CD27^+^ memory B cells into PBs. As shown in [Fig. 3 A](#fig3){ref-type="fig"}, SLE-DCs efficiently induced IgD^+^CD27^+^ B cell differentiation into PBs (CD20^−^CD38^+^) secreting IgG and IgA. In particular, SLE-DCs were more efficient than IFN-DCs at inducing IgA-secreting B cell responses. Similar to IgD^+^CD27^+^ B cells, IgD^−^CD27^+^ memory B cells co-cultured with SLE-DCs secreted increased levels of IgG and particularly IgA ([Fig. 3 B](#fig3){ref-type="fig"}). Thus, SLE-DCs can efficiently promote both naive and memory B cell responses.

![**SLE-DCs enhance CD19^+^IgD^−^CD27^+^ and CD19^+^IgD^+^CD27^+^ B cell responses by promoting IgG- and IgA-secreting B cell responses.** (A and B) CD19^+^IgD^+^CD27^+^ (A) or CD19^+^IgD^−^CD27^+^ B cells (B) were co-cultured with DCs for 12 d in the presence of 20 U/ml IL-2. The amount of total Ig was assayed by ELISA. Combined data (mean ± SD) from experiments using sera from 14 patients and cells from 10 healthy controls are presented. ANOVA test: \*, P \< 0.05; \*\*, P \< 0.01. (C) FACS-sorted PBs (CD19^low^CD20^−^CD38^+^) were co-cultured with SLE-DCs in the presence of 20 U/ml IL-2. The viability of PBs was measured after 6 d of co-culture by Trypan blue exclusion method. Combined data (mean ± SD) from experiments using sera from 10 patients and monocytes and B cells from 6 healthy donors are presented. (D) RNA was harvested after 2 d. Relative expression of Bcl-~X~L and Bcl-2 was determined by RT-PCR. Combined data (mean ± SD) from experiments using sera from six patients and monocytes and B cells from five healthy controls are presented. Student's *t* test: \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20111644_Fig3){#fig3}

We next tested the effect of SLE-DCs on PB survival. PBs were generated by co-culturing purified total B cells and conventional monocyte-derived IL-4--DCs (monocytes cultured with GM-CSF and IL-4). These PBs were composed of IgM- (∼35%), IgG- (∼37%), and IgA-PBs (∼16%), as measured by surface Ig staining (not depicted). FACS-sorted total PBs (CD20^−^CD38^+^) were further cultured with or without SLE-DCs in the presence of IL-2 only. SLE-DCs enhanced the number of viable PBs by more than sevenfold ([Fig. 3 C](#fig3){ref-type="fig"}) and resulted in enhanced Ig secretion (not depicted). PBs exposed to SLE-DCs displayed increased levels of Bcl-~X~L, whereas Bcl-2 levels were not altered ([Fig. 3 D](#fig3){ref-type="fig"}). Thus, SLE-DCs can enhance B cell responses by promoting the differentiation of naive and memory B cells into PBs and by supporting PB survival and Ig secretion.

SLE-DC--mediated IgG and IgA responses are differentially regulated by B cell--activating factor (BAFF)/IL-10 and a proliferation-inducing ligand (APRIL), respectively
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

To understand the mechanisms whereby SLE-DCs promote IgG and IgA secretion, we tested the effects of BAFF (TNFSF13B) and APRIL (TNFSF13) on naive B cells. Both BAFF and APRIL support B cell survival as well as Ig class switching ([@bib40]; [@bib64]). Furthermore, SLE patient serum displays elevated levels of BAFF and APRIL ([@bib9]; [@bib34]). [Fig. 4 A](#fig4){ref-type="fig"} shows that IFN-DCs and SLE-DCs, but not monocytes from healthy donors, constitutively secrete both APRIL and BAFF. In addition, SLE serum up-regulates BAFF and APRIL gene expression in monocytes in a type I IFN--dependent and --independent manner, respectively (unpublished data).

![**BAFF/IL-10 and APRIL secreted from SLE-DCs contribute to IgG and IgA responses, respectively.** (A) BAFF and APRIL secreted by monocytes, IFN-DCs, and SLE-DCs were measured by ELISA after 24-h culture in serum-free media. Combined data (mean ± SD) from experiments using sera from 10 SLE patients and monocytes from 8 healthy controls are presented. (B) Naive B cells were co-cultured with SLE-DCs or IFN-DCs for 12 d in the presence of 10 µg/ml control IgG, anti-BAFF, or TACI-Fc fusion protein. Ig production was detected by ELISA. Combined data (mean ± SD) from experiments using SLE-DCs generated with sera from 14 SLE patients and cells from 8 healthy controls are presented. For both SLE-DCs and IFN-DCs, monocytes from eight healthy controls were used. (C) IFN-DCs and SLE-DCs were co-cultured with naive B cells for 2 d. IL-10 levels in the supernatants were quantified by ELISA. Combined data (mean ± SD) from experiments using sera from eight SLE patients and cells from six healthy controls are presented. (D) IFN-DCs (top) and SLE-DCs (bottom) were cultured for 24 h and stained for intracellular IL-10 and IL-6. (E) After 24-h co-culture of naive B cells and IFN-DCs (top) or SLE-DCs (bottom), both DCs (gated on CD14^+^CD19^−^ cells) and B cells (gated on CD14^−^CD19^+^ cells) were stained for intracellular expression of IL-6 and IL-10. In D and E, experiments using four patient sera and cells from four healthy donors showed similar results. (F) IFN-DCs and SLE-DCs were co-cultured with naive B cells in the presence of 10 µg/ml control IgG or anti--IL-10/anti--IL-10R for 12 d. Ig production was measured by ELISA. Combined data (mean ± SD) from experiments using sera from 12 SLE patients and cells from 8 healthy controls are presented. In B and F, 50 nM CpG and 20 U/ml IL-2 were added to the cultures. Student's *t* test: \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20111644_Fig4){#fig4}

To test the effects of DC-derived BAFF and APRIL on naive B cell responses, anti-BAFF antibody and TACI-Fc were added to the 12-d co-culture of DCs and naive B cells in the presence of IL-2 and CpG. Anti-BAFF antibody neutralizes only BAFF, whereas TACI-Fc neutralizes both BAFF and APRIL. Interestingly, anti-BAFF antibody reduced the levels of IgG produced in co-cultures, whereas TACI-Fc reduced both IgM and IgA levels ([Fig. 4 B](#fig4){ref-type="fig"}, top). In contrast, neither anti-BAFF antibody nor TACI-Fc significantly altered the Ig secretion of naive B cells co-cultured with IFN-DCs ([Fig. 4 B](#fig4){ref-type="fig"}, bottom). The effect of TACI-Fc or BCMA-Fc on IgG responses could not be assessed because these reagents were recognized by the anti--human IgG antibody used in the ELISA. The amount (10 µg/ml) of anti-BAFF and recombinant proteins used in this study was predetermined in separate experiments ([Fig. S1](http://www.jem.org/cgi/content/full/jem.20111644/DC1){#supp1}). 10 µg/ml TACI-Fc efficiently decreased IgM and IgA secretion from B cells (Fig. S1 A, left and right). 10 µg/ml anti-BAFF also resulted in the least amount of IgG production (Fig. S1 A, middle). In addition, anti-BAFF or TACI-Fc did not significantly decrease SLE-DC--mediated B cell proliferation (Fig. S1 B) but decreased the total number of B cells acquired at the end of cultures (Fig. S1 C).

Along with BAFF and APRIL, DCs can secrete other cytokines providing B cell help, such as IL-10 and IL-6. Supernatants from co-cultures of naive B cells with the two types of DCs contained similar levels of IL-10 ([Fig. 4 C](#fig4){ref-type="fig"}). To access the sources of IL-10 in the co-culture, cells were stained for intracellular cytokine expression. [Fig. 4 D](#fig4){ref-type="fig"} shows that neither IFN-DCs nor SLE-DCs alone expressed IL-10 or IL-6. However, a majority of the two types of DCs co-cultured for 24 h with naive B cells expressed IL-10 but not IL-6 ([Fig. 4 E](#fig4){ref-type="fig"}, left). Large fractions of B cells co-cultured with either IFN-DCs or SLE-DCs expressed IL-6 but not IL-10 ([Fig. 4 E](#fig4){ref-type="fig"}, right). Thus, IL-10 in the co-culture supernatants ([Fig. 4 C](#fig4){ref-type="fig"}) is mainly secreted from DCs.

To test the roles of IL-10 in naive B cell responses induced by the two DC types, anti--IL-10 and anti--IL-10R antibodies were added to the co-culture of DCs and naive B cells in the presence of IL-2 and CpG. Neutralizing IL-10 decreased IgG level induced by both DC types ([Fig. 4 F](#fig4){ref-type="fig"}). Blocking IL-10 did not significantly alter IgM- or IgA-secreting B cell responses. Thus, SLE-DC--mediated enhanced IgG secretion is largely dependent on both BAFF ([Fig. 4 B](#fig4){ref-type="fig"}) and IL-10 ([Fig. 4 F](#fig4){ref-type="fig"}), whereas secretion of IgM and IgA mainly depends on APRIL with or without BAFF ([Fig. 4 B](#fig4){ref-type="fig"}). Blocking BAFF did not significantly alter the secretion of IgG from the co-culture of IFN-DCs and naive B cells ([Fig. 4 B](#fig4){ref-type="fig"}, bottom). Combining anti-BAFF with either TACI-Fc or anti--IL-10 did not result in any synergistic inhibition of IgA or IgG production, respectively, in the co-cultures of naive B cells and SLE-DCs (not depicted). Blocking IL-6 with anti--IL-6 and IL-6R antibodies did not significantly alter IgG responses. This might be because of the fact that anti--IL-6/IL-6R cannot efficiently block intracellularly expressed IL-6 that is used by B cells ([@bib7]).

To further explore the roles of BAFF and IL-10 in naive B cell responses, BCR-activated naive B cells were cultured with combinations of exogenous IL-10 and BAFF in the presence of IL-2 and CpG. In the presence of 20 ng/ml IL-10, BAFF did not show significant effects on naive B cell differentiation into PBs ([Fig. 5 A](#fig5){ref-type="fig"}), but the numbers of B cells acquired on day 6 were slightly increased by the increasing amounts of BAFF added to the cultures. This suggests that BAFF can support B cell survival ([@bib56]; [@bib54]). In contrast to BAFF, IL-10 was able to enhance PB differentiation in a dose-dependent manner. Consequently, the amounts of Igs secreted from B cells were mainly dependent on IL-10 added to the culture ([Fig. 5 A](#fig5){ref-type="fig"}). IL-10 and BAFF did not show any synergistic effects on PB differentiation. Although IL-10 also enhanced IgM and IgA secretion from BCR-activated naive B cells ([Fig. 5 B](#fig5){ref-type="fig"}), blocking IL-10 in the co-culture of naive B cells and SLE-DCs resulted in only slightly decreased levels of IgM and IgA ([Fig. 4 F](#fig4){ref-type="fig"}). This supports the important roles of APRIL without or with BAFF in the enhanced IgM and IgA responses, which were mediated by SLE-DCs.

![**IL-10 promotes naive B cell differentiation into PBs and Ig secretion, whereas BAFF supports B cell survival.** (A) 10^4^/well BCR-activated CFSE-labeled naive B cells were cultured for 6 d in the presence of different concentrations of IL-10 and BAFF. Proliferation and PB differentiation were assessed by FACS. (B) On day 12, total Ig in the supernatants was assessed by ELISA. Error bars indicate mean ± SD of triplicate assay. Representative data from two independent experiments using cells from two healthy controls are presented. Both experiments showed similar results. In all experiments, 20 U/ml IL-2 and 50 nM CpG were added to the culture.](JEM_20111644_Fig5){#fig5}

SLE-DCs trans-present CD138-bound APRIL to B cells to enhance IgA responses
---------------------------------------------------------------------------

Although SLE-DCs express APRIL ([Fig. 4 A](#fig4){ref-type="fig"}), the amount of soluble APRIL is small compared with what is found in SLE serum ([@bib9]; [@bib34]). This led us to consider that APRIL might remain cell bound. Heparan sulfate proteoglycans (HSPGs; [@bib25]; [@bib28]; [@bib47]), such as syndecan-1 (CD138), are expressed on PCs and bind APRIL. Indeed, we found that SLE-DCs but not IFN-DCs express CD138 ([Fig. 6 A](#fig6){ref-type="fig"}, top) as well as membrane-bound APRIL ([Fig. 6 A](#fig6){ref-type="fig"}, bottom). Accordingly, SLE-DCs but not IFN-DCs could efficiently capture and display exogenous APRIL on their surface in a dose-dependent manner ([Fig. 6 B](#fig6){ref-type="fig"}). This binding is specific, as preincubation of APRIL with HSPGs diminished the binding of APRIL to the surface of DCs ([Fig. 6 C](#fig6){ref-type="fig"}, bottom). IFN-DCs did not express significant levels of surface CD138 ([Fig. 6 A](#fig6){ref-type="fig"}), and thus the preincubation of APRIL with HSPGs did not alter the surface APRIL expression ([Fig. 6 C](#fig6){ref-type="fig"}, top). Furthermore, treatment of SLE-DCs with anti-CD138 antibody but not with an isotype control antibody resulted in decreased binding of exogenous APRIL to the surface of SLE-DCs ([Fig. 6 D](#fig6){ref-type="fig"}). Consequently, preincubation of APRIL with soluble CD138 resulted in decreased binding of exogenous APRIL to these cells ([Fig. 6 E](#fig6){ref-type="fig"}). More than 10 µg/ml of soluble CD138 did not further enhance the inhibition of APRIL binding to the cells. IFN-α did not induce CD138 expression on monocytes, as IFN-DCs do not express CD138 ([Fig. 6 A](#fig6){ref-type="fig"}). Thus, we conclude that SLE serum induces CD138 expression on SLE-DCs in an IFN-independent manner. This may allow SLE-DCs to trans-present APRIL to promote B cell responses in SLE.

![**SLE-DCs express surface CD138 that trans-presents APRIL to B cells to enhance IgA-secreting B cell responses.** (A) CD138 (top) and APRIL (bottom) expression on the surface of DCs. Closed gray histograms indicate isotype control antibody, and black line histograms indicate anti-CD138 (top) and anti-APRIL (bottom) antibody. Experiments using sera from 10 patients and monocytes from 16 healthy donors showed similar results. (B) Exogenous APRIL captured on the surface of DCs was determined by flow cytometry. Combined data (mean ± SD) from experiments using SLE-DCs made with sera from eight patients and four healthy controls are presented. (C) A competition assay was performed using 100 µg/ml HSPGs 2 h before the addition of APRIL to the DCs. Experiments using SLE-DCs made with sera from eight patients and four healthy controls showed similar results. (D) SLE-DCs were incubated with different concentrations of anti-CD138 antibody for 30 min and loaded with 2 µg/ml APRIL for 30 min. Cells were then stained with anti-APRIL antibody. (E) Competition assay with 10 µg/ml of soluble CD138. In C and D, experiments using SLE-DCs made with sera from four patients and four healthy controls showed similar results. (F) SLE-DCs were either preloaded (+APRIL) or unloaded (−APRIL) with APRIL and then washed before co-culture with naive B cells. Differentiation and proliferation were measured (left). Combined data from experiments (right) using sera from 12 patients and cells from 6 healthy donors are presented. (G) Total Ig levels (mean ± SD) in F. (H) SLE-DCs were preloaded with APRIL and then incubated for 30 min with either 10 µg/ml TACI-Fc or IgG-Fc. Before co-culture with naive B cells, DCs were washed twice. Differentiation and proliferation were measured. Each line represents the data generated with sera from 12 patients and cells from 5 healthy donors. (I) Total Ig levels (mean ± SD) in H. In F--I, 50 nM CpG and 20 U/ml IL-2 were added to the cultures. Student's *t* test: \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20111644_Fig6){#fig6}

To test whether such membrane-bound APRIL is functional, SLE-DCs were exposed to exogenous APRIL for 30 min, washed out, and co-cultured with naive B cells in the presence of IL-2 and CpG. APRIL-fed SLE-DCs resulted in enhanced naive B cell proliferation ([Fig. 6 F](#fig6){ref-type="fig"}, left and top right) and PB differentiation ([Fig. 6 F](#fig6){ref-type="fig"}, left and bottom right). In addition, APRIL-fed SLE-DCs displayed an enhanced ability to induce IgA but not IgG or IgM secretion by activated naive B cells ([Fig. 6 G](#fig6){ref-type="fig"}). These findings were further established by blocking membrane-bound APRIL with TACI-Fc ([Fig. 6, H and I](#fig6){ref-type="fig"}). APRIL-fed DCs were incubated with TACI-Fc for 30 min and washed to remove unbound TACI-Fc before they were co-cultured with naive B cells. TACI-Fc decreased the proliferation of naive B cells ([Fig. 6 H](#fig6){ref-type="fig"}, left) without significantly affecting PB differentiation ([Fig. 6 H](#fig6){ref-type="fig"}, right). However, TACI-Fc decreased both IgM and IgA responses without affecting IgG ([Fig. 6 I](#fig6){ref-type="fig"}).

Transwell experiments further confirmed the importance of cell--cell contact for SLE-DC--mediated IgM and IgA secretion but not for IgG secretion ([Fig. 7 A](#fig7){ref-type="fig"}). Addition of soluble APRIL directly to activated naive B cells resulted in modestly increased proliferation and PB differentiation ([Fig. 7 B](#fig7){ref-type="fig"}). It also increased IgM and IgG secretion, without affecting that of IgA ([Fig. 7 B](#fig7){ref-type="fig"}). Collectively, our data demonstrates that trans-presentation of APRIL through CD138 is critical for SLE-DCs to promote IgM and particularly IgA responses.

![**SLE-DC and B cell interaction is important for SLE-DC--mediated IgM- and IgA-secreting B cell responses.** (A) APRIL-fed IFN-DCs and SLE-DCs were loaded into the upper chamber of transwell plates. Naive B cells were added into the lower chamber of the transwell plates, and the cells were co-cultured for 12 d in the presence of 50 nM CpG and 20 U/ml IL-2. Total IgM, IgG, and IgA in the culture supernatants were measured by ELISA. Combined data (mean ± SD) from experiments using sera from seven SLE patients and monocytes and B cells from four healthy controls are presented. (B) Naive B cells were cultured without or with 2 µg/ml APRIL trimers in the presence of 50 nM CpG and 20 U/ml IL-2 for 12 d. Ig production was measured by ELISA. Combined data (mean ± SD) from experiments using B cells from eight healthy donors are presented. Student's *t* test: \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20111644_Fig7){#fig7}

SLE patients exhibit high numbers of IgG- and IgA-PBs in blood
--------------------------------------------------------------

To assess the in vivo relevance of our findings, we characterized the mature B cell and PB compartments in the blood of SLE patients and healthy controls. The presence of expanded PC precursors in the blood of pediatric and adult SLE patients ([@bib48]; [@bib2]) and elevated serum IgA and IgG levels in SLE patients have been described earlier ([@bib10]; [@bib38]). As shown in [Fig. 8 A](#fig8){ref-type="fig"}, SLE patients displayed expanded CD19^low^CD20^−^CD38^+^ PBs in their blood compared with healthy individuals. This expansion of PBs was accounted for by isotype-switched PBs ([Fig. 8, B and C](#fig8){ref-type="fig"}). Healthy individuals displayed IgG^+^ and IgA^+^ B cells, but most of the isotype-switched B cells were CD20^+^ ([Fig. 8 B](#fig8){ref-type="fig"}). In contrast, SLE patients displayed significant numbers of CD20^−^IgG^+^ and CD20^−^IgA^+^ PBs in their blood. Experiments performed with multiple donors are summarized in [Fig. 8 C](#fig8){ref-type="fig"}. The percentage of IgM^+^ PBs in patients was low (\<1% of total CD19^+^ B cells). Thus, SLE patients show increased numbers of circulating IgG^+^ and IgA^+^ PB.

![**SLE patient monocytes express CD138 and can trans-present APRIL to B cells to expand IgA^+^ and IgG^+^ PBs.** PBMCs were isolated from healthy controls and SLE patients. (A) Percentage of CD19^low^CD20^−^CD38^+^ cells was assessed by flow cytometry. Combined data (mean ± SD) from 16 healthy controls and 22 SLE patients are presented. (B) Surface Ig on the CD19^low^CD20^−^ populations. Representative data from a total of 16 healthy controls and 22 SLE patients are presented. Individual experiments showed similar results. (C) Combined data (mean ± SD) from 10 healthy controls and 20 SLE patients. ANOVA test: \*, P \< 0.05; \*\*, P \< 0.01. (D, top) Gating strategy for blood monocytes. (bottom) Expression of CD138 and APRIL on the surface of monocyte subsets in the blood of healthy controls and SLE patients. Closed gray histograms indicate isotype control antibody, and black line histograms indicate anti-CD138 (first row) and anti-APRIL (second row) antibody. Representative data from experiments using blood from 6 healthy donors and 14 SLE patients are presented. (E) Correlation between the percentage of APRIL^+^ total monocytes and SLEDAI. Data from experiments using 20 patients are summarized. (F) Naive B cells were co-cultured for 12 d with patient monocytes in the presence of 10 µg/ml antibodies. 50 nM CpG and 20 U/ml IL-2 were added to the co-culture. Monocytes were incubated with 10 µg/ml TACI-Fc for 30 min and washed twice before adding to the culture. Total Ig levels were assessed by ELISA. Combined data (mean ± SD) from experiments using sera from 11 patients and cells from 6 healthy donors are presented. Student's *t* test: \*, P \< 0.05.](JEM_20111644_Fig8){#fig8}

SLE monocytes express CD138 and trans-present membrane-bound APRIL to promote IgA responses
-------------------------------------------------------------------------------------------

Subsets of monocytes (G1, CD14^high^CD16^−^; G2, CD14^high^CD16^low^; and G3, CD14^low^CD16^high^; [Fig. 8 D](#fig8){ref-type="fig"}, top) from SLE patients and healthy controls were stained for the surface expression of CD138 and APRIL. None of the three subsets of monocytes from healthy donors expressed either of these molecules on their surface ([Fig. 8 D](#fig8){ref-type="fig"}, bottom left). In contrast, monocytes from SLE patients showed three different patterns of surface CD138 and APRIL expression ([Fig. 8 D](#fig8){ref-type="fig"}, bottom right three panels): only a fraction of monocytes (I), all populations of monocytes (II), and none (III). More importantly, we found that the percentage of APRIL^+^ monocytes correlates with disease activity as measured by the SLE disease activity index (SLEDAI; [Fig. 8 E](#fig8){ref-type="fig"}). Furthermore, monocytes were able to induce naive B cells to isotype switch and to secrete Igs. Blocking membrane-bound APRIL with TACI-Fc significantly decreased IgM and IgA responses ([Fig. 8 F](#fig8){ref-type="fig"}). Blocking IL-10 also decreased IgG responses. We were also able to detect both CD138 and APRIL expression on the surface of myeloid DCs in the blood of SLE patients (not depicted). However, the numbers of DCs in the small volumes (∼10--15 ml) of blood from pediatric patients did not allow us to test their functions. Collectively, our data demonstrate that SLE patient blood monocytes express CD138 and surface APRIL and promote IgM-- and IgA--B cell responses. These cells also enhance IgG-secreting responses through the production of IL-10.

DISCUSSION
==========

Autoantibodies are a hallmark of SLE, and B cells remain one of the main therapeutic targets in this disease. Our study demonstrated for the first time that SLE serum induces healthy monocyte differentiation into DCs with a unique ability to promote B cell responses. In particular, SLE-DCs and monocytes from the blood of SLE patients could efficiently generate antibody-secreting PBs, reminiscent of those found in the blood of SLE patients. Thus, SLE serum represents a unique microenvironment for the generation of DCs that could play a role in SLE pathogenesis through interactions with B cells.

IFN-α is a key player contributing to the differentiation of SLE serum--exposed monocytes into DCs ([@bib6]). However, DCs generated with IFN-α, IFN-DCs, were phenotypically and functionally distinct from SLE-DCs. For example, \>50% of the SLE-DCs express CD163 and CCR5, but low numbers of IFN-DCs (\<10%) express the two surface molecules. CCR5 is known to be important in disease progression in lupus nephropathy as well as in other glomerular diseases and can be found elevated on the surface of DCs in autoimmune disorders ([@bib18]; [@bib55]). It is also expressed on CD14^+^CD16^+^ human monocytes, which have been described in the renal interstitium of SLE patients ([@bib18]; [@bib55]). Other studies have also shown elevated levels of the CCR5 ligands RANTES and MIP-1α in the kidneys and serum of SLE patients ([@bib39]; [@bib55]; [@bib60]). CD163 is a scavenger receptor ([@bib59]) that might contribute to the removal of apoptotic cells. Whether CD163 expression plays a role in disease, such as favoring the presentation of apoptotic cell--derived antigens by SLE-DCs, needs to be further studied.

Although IFN-DCs and SLE-DCs were able to induce the proliferation of B cells and their differentiation into PBs, SLE-DCs were more efficient than IFN-DCs at inducing switched B cell responses, especially IgA-secreting B cell responses. The enhanced IgG responses by IFN-DCs and SLE-DCs were mainly dependent on IL-10 and IL-10/BAFF, respectively. The ability of SLE-DCs to induce IgA secretion was further linked to their surface expression of CD138, which enables the trans-presentation of APRIL to B cells. More importantly, SLE blood monocytes also expressed CD138 and trans-presented APRIL to B cells, resulting in the promotion of IgA responses. CD138 expressed on PCs has been described as an APRIL-binding partner, which is the prerequisite for the triggering of TACI- and/or BCMA-mediated PC survival ([@bib28]). CD138-bound APRIL on the surface of PCs can create unique niches that support the accumulation of PCs in mucosal surfaces ([@bib26]). We found that APRIL trans-presented by SLE-DCs was efficient at enhancing IgA-secreting B cell responses. Soluble APRIL directly added to B cells only resulted in IgM secretion, supporting the idea that trans-presentation of APRIL through CD138 is one of the key mechanisms responsible for SLE-DC--mediated IgA switching and PB differentiation. This is consistent with the requirement of SLE-DCs to be in direct contact with B cells for these effects to be observed.

Although the pathogenic role of SLE IgG autoantibodies is well described, the contribution of IgA to disease pathogenesis remains largely unknown. A previous study has described a profound increase of serum IgA level in lupus patients compared with controls ([@bib10]). Of interest, IgA from some patients has been reported to display a lower degree of glycosylation compared with controls, which has been linked to the pathogenic nature of this isotype in a related disease, IgA nephropathy ([@bib13]; [@bib43]). Furthermore, deposits of IgA are found in the kidneys of patients with SLE ([@bib17]). Although not currently used as an inclusion criteria for SLE, IgA autoantibodies, such as anticardiolipin and anti--β2-glycoprotein-I, have been shown to predict disease manifestations such as pro-thrombotic events ([@bib63]; [@bib36]; [@bib57]; [@bib44],[@bib45]). In addition, the lupus-prone B6.Sle1Sle3 mouse strain produces high levels of anti--nuclear IgA autoantibodies that are deposited in the kidney glomeruli and are implicated in the pathogenesis of nephritis ([@bib41]). Although selective IgA deficiency does not preclude the development of SLE, there is not enough data to ascertain whether IgA-deficient SLE patients could be excluded from suffering certain clinical manifestations such as nephritis and/or display a unique disease course.

The contribution of BAFF to B cell--mediated autoimmune diseases is relatively well understood. Excessive BAFF expression leads to autoimmunity in mice ([@bib42]; [@bib22]). Elevated levels of BAFF in SLE serum support autoreactive naive B cell ([@bib56]) and PC survival ([@bib54]), which is consistent with our data. Thus, blocking BAFF or BAFF/APRIL is a promising therapeutic approach to treat B cell--mediated autoimmune diseases, and drugs that block BAFF or BAFF/APRIL have been recently approved to treat SLE ([@bib12]; [@bib53]), although modest clinical responses were observed in phase III clinical trials. However, PBs and PCs predominantly express BCMA and TACI that bind to both BAFF and APRIL. We show that the selective blockade of BAFF reduced only IgG, whereas nonselective blockers (TACI-Fc and BCMA-Fc) also decreased IgA secretion.

The information obtained from this study is particularly relevant to the generation of extrafollicular, T-independent B cell responses ([@bib16]; [@bib40]; [@bib11]). Studying the role of SLE serum and SLE-DCs in T-dependent B cell responses is warranted, however, as the type of DC--B cell interaction that we herein describe could also be relevant to the expansion and survival of PBs and PCs from a pool of autoreactive memory B cells initially generated in the context of T cell help. It remains to be seen whether therapies, alone or in combination, aimed at blocking these interactions will find a place in the SLE armamentarium.

MATERIALS AND METHODS
=====================

### Patients and sera.

A total of 96 pediatric patients, who met the American College of Rheumatology Revised Criteria for SLE, were enrolled in this study ([Table S1](http://www.jem.org/cgi/content/full/jem.20111644/DC1){#supp2}). Patients were recruited at the Texas Scottish Rite Hospital for Children (Dallas, TX) and Children's Medical Center of Dallas (Dallas, TX). Patients who received i.v. steroid, Mycophenolate, Methotrexate, \>10 mg prednisone, and/or \>200 mg Plaquenil were excluded. Disease activity was measured by the SLEDAI. 36 healthy controls were recruited at the Baylor Institute for Immunology Research (Dallas, TX). The study was approved by the Institutional Review Board of the Baylor Research Institute, and informed consent was obtained from all participants. Blood from patients was obtained during routine examinations. Patient sera were prepared with topical thrombin (King Pharmaceuticals).

### Monocytes and B cells.

PBMCs were isolated using Ficoll--Paque PLUS gradient (GE Healthcare). Monocytes were purified using the EasySep Human Monocyte Enrichment kit (negative selection; STEMCELL Technologies) to a purity \>93%. Total B cells were purified using the EasySep Human B Cell Enrichment kit (negative selection; STEMCELL Technologies) to a purity \>95%. Subsets of B cells were further sorted by FACSAria II or FACSVantage (BD) to yield the following populations: naive (CD19^+^IgD^+^CD27^−^), memory (CD19^+^IgD^−^CD27^+^), marginal zone--like B cells (CD19^+^IgD^+^CD27^+^), and PBs (CD19^low^CD20^−^CD38^+^) to a purity \>97%.

### DCs.

IFN-DCs and IL-4--DCs were generated by culturing healthy monocytes in serum-free CellGenix media (CellGenix GmbH) supplemented with 50 ng/ml GM-CSF (Baylor Hospital Pharmacy) and 250 U/ml IFN-α (Schering-Plough) or 50 ng/ml IL-4 (R&D Systems) for 3 or 6 d, respectively. SLE-DCs were generated by culturing healthy monocytes in CellGenix media supplemented with 25% SLE serum for 3 d.

### Antibodies, reagents, and flow cytometry.

For the DC phenotype the following were used: anti-CD163-FITC, anti-CD86-PE, anti-CCR5-PE, anti-BCMA, anti--IL-10--PacBlue, anti--IL-6--PE (R&D Systems), anti-CD138-PE, anti-CD1a-FITC, anti-CD80-PE (eBioscience), anti-CD14-PerCp, anti-CD16-APC-Cy7 and anti-CD83-APC (BioLegend), anti-CD138 polyclonal antibody (LSBiosciences), and soluble CD138 (R&D Systems). Purified anti--human APRIL (Enzo Life Sciences) and anti-BCMA antibodies (R&D Systems) were conjugated with Alexa Fluor 647 (Invitrogen) Live/dead-aqua (Invitrogen). For the B cell phenotype the following were used: anti-CD38-PECy7 (BioLegend), anti--human IgG-PE, anti--human IgA-APC (Miltenyi Biotec), anti-CD20-PECy5, anti-CD27-APCCy7 (BD), CFSE, Live/dead-aqua (Invitrogen), and anti-CD138-PE (eBioscience). For B cell sorting, anti--human IgD-PE, anti-CD27-FITC (SouthernBiotech), anti-CD19-APC (BD), and anti-CD3--Quantum red (Sigma-Aldrich), anti-CD38-PECy7 (eBioscience), and BD Cytofix/Cytoperm and BD Perm/Wash (BD) were used for intracellular staining as per the manufacturers' instructions. Cells were acquired on an LSRII or FACSCanto II (BD), and analysis was performed using FlowJo software (Tree Star).

### ELISA.

Sandwich ELISAs were performed to measure total IgM, IgG, IgA, APRIL, and BAFF. Capture and detection antibodies for Ig ELISAs were purchased from SouthernBiotech. Human reference serum (Bethyl Laboratories, Inc.) was used to generate the standard curve for Ig ELISAs. APRIL and BAFF ELISAs were performed using reagents provided by ZymoGenetics. All ELISAs used Nunc MaxiSorp plates (Thermo Fisher Scientific). Plates were read with a SpectraMax M2 (Molecular Devices) and analyzed with SoftMaxPro V5 software (Molecular Devices).

### DC morphology.

Cells were stained using the DiffQuick Stain Set (Siemens) as per the manufacturer's instructions and visualized on a microscope (BX60; Olympus) at 100× using a digital camera (DXM1200C; Nikon) and NIS Elements Software (Nikon).

### Cell culture.

4 × 10^4^ purified B cells were co-cultured with 5 × 10^3^ DCs in RPMI medium (Invitrogen) supplemented with Hepes (Invitrogen), nonessential amino acids, [l]{.smallcaps}-glutamate (Sigma-Aldrich), Pen/strep and 10% FBS (HyClone; Thermo Fisher Scientific), and 20 U/ml IL-2 (R&D Systems). 50 nM CpG (ODN2006; InvivoGen) was added to the co-cultures of naive B cells and DCs. CpG was not added into the co-cultures of total or memory B cells and DCs. 10 µg/ml α-BAFF antibody (R&D Systems), TACI-Fc, and BCMA-Fc (ZymoGenetics and R&D systems), and control IgG~1~ (Sigma-Aldrich) were added into B cell/DC co-culture systems. In some experiments, DCs were preincubated with 2 µg/ml APRIL trimer (ZymoGenetics) for 30 min and then washed before their addition to the B cell co-culture. On day 6, B cells were stained for phenotype and intracellular Igs, and culture supernatants were harvested on day 12 for measuring secreted Igs. To generate PBs, purified total B cells were co-cultured with IL-4--DCs for 6 d. CD19^low^CD38^+^CD20^−^ cells were sorted and used as PBs. 4 × 10^4^ PBs were co-cultured with 5 × 10^3^ DCs. For transwell experiments, 4 × 10^4^ purified B cells were seeded in the lower compartment of a 96-well Nunc transwell insert, and 5 × 10^3^ DCs were added to the upper portion. For some experiments, IL-10 and IL-10R were blocked using reagents from BD (clone JES3-9D7) and BioLegend (clone 3F9), respectively.

Naive B cells (10^6^/ml) were cultured with anti-IgM--coated beads (1 µg/ml; immunobeads rabbit anti--human IgM; Irvine Scientific). Cells were cultured with different concentrations of cytokines, IL-10 (PeproTech), and BAFF (ZymoGenetics) in the presence of 50 nM CpG and 20 U/ml IL-2. B cell proliferation and PB differentiation as well as Ig secretion were measured on day 6 and 12, respectively.

### RT-PCR.

Total RNA was isolated from B cells co-cultured with DCs using the RNAqueous Micro kit (Invitrogen), and cDNA was synthesized using the Reverse Transcription System (Promega). cDNA was amplified with the LightCycler SYBR Green Master I kit (Roche) according to the manufacturer's instructions and run on a LightCycler 480 (Roche). Primers for switch circles, mature transcripts, AICDA, and β-actin were as previously described ([@bib24]; [@bib15]); Bcl-~X~L forward, 5′-AAGCGCTCCTGGCCTTTC-3′; Bcl-~X~L reverse, 5′-CTGGGACACTTTTGTGGATCTCT-3′; Bcl-2 forward, 5′-TGGGATGCCTTTGTGGAACT-3′; and Bcl-2 reverse, 5′-GAGACAGCCAGGAGAAATCAAAC-3′. Relative expression was determined using the comparative C~t~ method.

### APRIL binding assays.

DCs were incubated with a titrating dose of APRIL trimer (ZymoGenetics) for 30 min at 37°C. 50 µg/ml HSPGs (Sigma-Aldrich) was added to the DCs 30 min before the addition of APRIL. Membrane-bound APRIL was detected by anti--human APRIL antibody (Enzo Life Sciences).

### Cytokine ELISA and intracellular staining.

10^5^ DCs were plated in a 100-µl volume and stimulated for 24 h with and without 20 ng/ml *Escherichia coli* LPS (InvivoGen). IL-10 was measured on a Luminex bead-based platform using a Bio Plex 200 and the Bio Plex Manager 5.0 software (Bio-Rad Laboratories). This system was also used to determine the concentration of IL-10 in DC--B cell co-culture systems. Both IFN-DCs and SLE-DCs were stained for intracellular IL-6 and IL-10 before co-culturing with B cells. In addition, DCs and naive B cells were co-cultured for 24 h and then stained for intracellular IL-6 and IL-10.

### Statistical analysis.

Statistical significance was determined using the analysis of variance (ANOVA) and Student's *t* test using Prism 5 software (GraphPad Software). Significance was set at P \< 0.05.

### Online supplemental material.

Fig. S1 shows that TACI-Fc and anti-BAFF antibody decrease IgM and IgA as well as IgG responses, respectively, in dose-dependent manners. Table S1 presents demographics of SLE patients and healthy donors tested in this study. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20111644/DC1>.
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